Introduction
Testing new com pounds for inhibitory activity in Hill reaction assays using isolated thylakoids is an effective m ethod to find new photosynthetic electron transport (PET) inhibitors. However, this method is not well suited to identifying potential herbicides, because the results do not correlate well with the results of assays of herbicidal activity on whole plants. Differences in outcom e of the two types of assays can be caused by several factors in cluding the permeability to, and stability of, the compounds at various barriers between the surface of the entity and the site of action in the thylakoid membrane.
Cultured plant cells would be expected to be in termediate in their response to potential herbicides because they retain the chloroplast and cell mem branes and cell wall while lacking barriers present ed by tissue organization like epidermis. Photoau-totrophic (PA) cultured cells should be particular ly well suited to assays of potential photosynthesis inhibitors because of their growth mechanism [1] , Photom ixotrophic (PM) and heterotrophic cells may also be useful, however, as com parison with PA cells may allow the mode of action of inhibi tors to be determined more precisely [2] ,
In the experiment reported here, we m onitored the responses of PA cultured cells o f tobacco (Ni cotiana tabacum cv. Samsun NN) and of liverwort (Marchantia polymorpha L.) to various cyclohexa nedione derivatives including several potent PET inhibitors. Our results support the use o f PA cells for more extensive screening of potential herbi cides.
Materials and Methods

Herbicides and new P E T inhibitors used
Diuron purchased as analytical reagent, was used after the recrystalization. All the new cyclo hexanedione derivatives tested were synthesized ac cording to the methods described elsewhere [3, 4] ,
Cultured cells
Cultured cells of tobacco (Nicotiana tabacum cv. Samsun NN, [1] ) and liverwort (Marchantia poly morpha L., [5] ) were used for these experiments.
The PA cell line, which can grow in the light with out an organic carbon source, also exhibits consid erable photosynthetic activity in liquid medium with a high sucrose concentration [1, 6] .
PA cultures of tobacco were maintained in the light (ca. 120 fiE/m2/sec) in liquid LinsmaierSkoog basal medium [7] containing twice the ori ginal concentration of inositol and thiamine with 10 jim 1-naphthaleneacetic acid, 1 |i m kinetin but lacking sucrose. PM cultures of tobacco were m aintained in liquid medium as above with 3% sucrose. PA cultures of liverwort were maintained in M51 medium (N H 4N 0 3, 400 mg/1; K N 0 3, 2000 mg/1; CaCl2, 300 mg/1; K H 2P 0 4, 275 mg/1; M g S 0 4-7 H 20 , 370 mg/1; vitamins and micro nutrients of B 5 medium [8] , pH 5.6) including casamino acids (1 g/1), glutamine (200 mg/1) and 2,4-D (1 mg/1) under the same culture condition as to bacco PA cells. Double tier flasks with 2 m carbon ate buffer in the lower part as described by Husem ann and Barz [9] , were employed to elevate the atm ospheric concentration of C 0 2 to 1 -2 % dur ing PA culture. All cells were cultured at 26 ± 2 C with reciprocal shaking (100 rpm).
Hill reaction assay
Spinach ( Spinacia oleracea) thylakoids were obtained as described (10) and were stored in liquid nitrogen. PET activity was measured as an increase in photoabsorption at 600 nm due to the photoreduction of dichloroindophenol (DCIP) under neutral conditions (HEPES pH 7.0, 50 mM ; NaCl, 10 m M ; methylamine, 20 m M ; DCIP, 50 m M ). Assay volume for each com pound tested was 2 ml with a chlorophyll concentration of 0.5 |ig/ml.
Test o f herbicidal activity on cultured cells
The effects of each compound on tobacco PA cells, and on liverwort PA cells were measured by different assays. PA cells of tobacco were cultured in the presence o f the com pound (without elevated atmospheric C 0 2 levels) for one week. Chlorophyll content (ca. 120-170 }ig/g fresh weight) was meas ured at the beginning and end of the week, and was used as the basis for determining the extent of in hibitory activity. PA cells of liverwort (100 jig chlorophyll/assay; average photosynthetic 0 2 evo lution 15|im ol/m g Chl/h) were incubated in a Clark type oxygen electrode in cultured medium containing 20 m M N aH C O , at a light intensity of about 400 fiE/m2/sec. Photosynthetic 0 2 evolution was measured immediately following addition of the com pound being tested and the rates before and after addition were compared to determine % inhibition. The biological activity o f each com pound on tobacco PM cells was measured by the growth in fresh cell weight over two weeks. In each case, the inhibitory activity of the com pounds was measured in three replicates and 50% inhibition was determined by regression analysis. Standard deviations were less than 10% of the mean. p l50 is the negative logarithm of the molar concentration required for 50% inhibition.
Tests fo r herbicidal activity on seedlings and mature plants
Tests on seedlings and mature plants were car ried out according to standard methods. Uniform ly germinating 20 cress seedlings were treated with solutions containing each compound for 1 week. The inhibitory effect o f the compounds was eval uated semi-quantitatively using the following scale: Healthy, green seedlings = 0, seedlings showing chlorosis or necrosis = 100. The total score o f the 20 seedlings used for each treatment was summed and the relative effect was calculated as follows: relative effect = total score for treated seedlings/20 (%). In each case, the inhibitory ac tivity o f the com pounds was expressed as the nega tive logarithm of the m olar concentration required for 50% inhibition (p l50) as described above. In pot tests, eight weeds, including Xanthium strumarium L., and Galium spurium L. were treated with the com pounds by foliar spraying at a dosage rate equivalent to 50 g ai/a. The effect of com pounds was expressed as % inhibition of growth which was determined semi-quantitatively as de scribed above.
Results and Discussion
The effects of cyclohexanedione derivatives on PA cells o f tobacco and liverwort were measured and com pared with the effects of the compounds on the Hill reaction in isolated thylakoids and on growth and survival of seedlings and mature plants. Table I shows the results for a series of de rivatives in which the length of alkyl chain in the lipophilic part of the molecule was varied. All of these com pounds (compounds 1 -12 ) showed strong PET inhibition. As measured with isolated thylakoids, the maximum PET inhibition activity was observed with heptyl and nonyl substituents (n = 6, 8), however, the in vivo activity on PA cells, seedlings and mature plants markedly decreased with alkyl chain length more than heptyl (n = 6). The difference between the p l50 measured for the Hill reaction and the p l50 measured in the in vivo assay increased linearly with the length o f the alkyl chain. This suggests that longer alkyl chains pre vent the transport of these derivatives to the site of inhibition in the thylakoid membranes. The simi larity of this trend am ong PA cells, seedlings and potted plants suggests that the barriers to penetra tion for these derivatives are similar in the differ ent systems. Table II showed the effects on photosynthesis and growth of another series of com pounds with varying lengths of alkyl chain between the benzene ring and the cyclohexanedione. These com pounds (compounds 1 3 -2 4 ) not only showed strong PET inhibition, but also strong herbicidal activity on potted plants. Effects o f length of alkyl chain simi lar to those noted for com pounds 1 -1 2 were also observed for this series of compounds. PET inhibi tion activity was high in com pounds with an alkyl chain longer than three, but in vivo activity de creased with alkyl chains longer than seven. Com pounds with alkyl chain length between these two limits (compounds 14, 15, 1 9 -2 1 ) showed strong activities on both PA cells and potted plants.
The effects of substitutions on the benzene ring were examined and the results are shown in Table III . All of these com pounds except the meta substituent (compound 26) had strong herbicidal activity both on PA cells and on potted plants. The electron-withdrawing substituents (-C1, -Br) showed higher inhibitory activity than did the elec tron-donating substituent (-CH3). The activities of these compounds on PA cells correlated well with their activities in the Hill reaction assay and on potted plants. O f the derivatives tested, com pounds 14, 1 9 -2 1 and 2 9 -3 1 showed nearly the same level of activity as D CM U in all o f the as says.
The substitution of furfuryl moieties for ethoxyethylamine moieties significantly decreased the herbicidal activity on potted plants as is shown in a' b p l50 and results o f the pot test are expressed as described in Table I . Table I . Table IV . These compounds, however, retained high PET inhibition activity. The results of the PA cell assay indicate that the furfuryl substitution narrowed the range of alkyl chain lengths com pat ible with inhibitory activity (Tables II and IV) .
F or all chemicals tested, p l50 values of PA cells showed good correlation with the data of vivo as say on whole plants. When the p l50 values for the com pounds which data could not determined ex perimentally were estimated as 3.5, 2.5 and 2.5 for Table I .
tobacco PA cells, liverwort PA cells and cress seed lings, respectively, the following correlations were obtained. (Table IV) . This result sug gests that some differences exist between the as says using cultured PA cells (or seedlings) and pot assay. Several reasons are considered for these dif ferences: 1) Degradation of com pound in pot test. This suggests that despite the phylogenetic dis tance and despite the morphological differences (e.g. aggregate size) of the cultured cells, the even tual accessibility of the thylakoids to the com pounds was very similar in the two types of cells.
